A general purpose micromechanics analysis that discretely models the yarn architecture within the textile repeating unit cell, was developed to predict overall, three dimensional, 
Naik and Ganesh [9]
and Raju and Wang [10] developed models for woven composites that accounted for undulations in both the fill and the warp yarns. They computed overall stiffness properties by assuming either iso-strain or iso-stress or a combination of these and analytically integrating through the volume of the RUC. Due to the tedious analytical 
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Modeling of Plain Weave Composites
The RUC for the 2-D plain weave composite is shown in Fig. 4 . The sectional view in The plain weave composite is usually specified by known quantities such as yarn spacing, a, in the fill and warp directions, yarn filament count, n, for the fill and warp yarns, yarn packing density, Pd, filament diameter, dr, and overall fiber volume fraction, Vf. These known quantities were used to determine the unknown quantities such as yarn thicknesses, yarn cross-sectional areas, yarn crimp angle and yarn undulating paths which are required to discretely model each yarn within the RUC. For the sake of simplicity, the yarn spacings and yarn fiber counts for the fill and warp directions were assumed to be equal in the following derivation.
The yarn cross-sectional area, A, was assumed to be the same for both the warp and fill yarns and also to remain constant along the entire yarn path. The projected length, Lp, of the yarn path for each yarn was a function of the yam spacing, a, and was given by Lp = 2 a (see Fig. 4 ). The volume occupied by the four yarns within the RUC was given by 4 ALp. The dimensions of the RUC were Lp x Lp x H, where H was the RUC thickness. The volume of the RUC not occupied by the yams was assigned to the interstitial matrix. For a yam packing density of Pal, the overall fiber volume fraction, Vf, for the RUC in Fig. 4 can be derived as:
Using the yam filament count, n, and filament diameter, df, the unknown cross-sectional area,
A, for the yams was calculated as:
For a given overall fiber volume fraction, the unknown thickness, H, was calculated using Eqns. (1) and (2). The quantity Pd may either be determined by image analysis of photomicrographs of sections through the thickness of the composite or may be assumed to be between0.7 -0.8. The yam thickness, t, was related to the RUC thickness, H, by t = H/2.
The yam width, w, was calculated by assuming complete coverage (i.e. no gap between adjacent yams) and was given by w -a. 
The unknown parameter, Lu, was calculated using Eqns. (2) and (4). straight portions, Lit, of each yam was expressed as:
The total length of the Lit = 2 a-2 L_
Thus, Eqns.
(1) -(5) were used to determine all the required geometry parameters for the plain weave RUC, which included, the yam cross-sectional area, yam thickness, and, yarn paths based on a knowlegde of the yarn filament counts, yarn spacing, yam packing density, filament diameter, and overall fiber volume fraction. Note that, Eqn. (4) is valid for w _>La which physically implies that the parameter, L,, (also the total width of the curved portions of the yam cross-section) cannot exceed the spacing, a, between the yarns.
The undulation in the yarns is often described by its "crimp angle'. In the present study, the crimp angle (see Fig. 4 ) was defined as the positive angle between the tangent to the sinusoidal yam centerline path and the X-Y plane (see Fig. 4 ) at a COP. Thus, the crimp angle, 0c, was expressed as:
In general, 0mi n < 0 c < (X/2), where, 0rain, was the minimum 0c for a given plain weave architecture and was determined by the constraint w > L u.
Geometric Modeling of Satin Weave Composites
The RUCs for the 5-harness satin weave and the 8-harness satin weave are shown in given by w = a. For a yarn packing density of Pd, the overall fiber volume fraction, Vf, for the 5-and 8-harness satin weave architectures can be shown to be given by Eqn.
(1). The yarn cross-sectional area, A, for both the satin weave architectures was calculated using Eqn. (2).
The RUC thickness, H, was then calculated using Eqns.
(1) and (2) for both satin weaves.
Yarn thickness, t, was given by t = (H/2).
The yarn undulations were centered around either two or three cross-over points for the satin weaves. For example, for the 5-harness satin weave, the warp yarns in the first, third, and fourth rows from the top ( For both the satin weave architectures, the vertical shift, Vs, in Eqn. (3) was equal to the thickness, t, of the yarns. The parameter, Lu, which was also the total width of the curved portion of the cross-sectional shape of the yarns (see Fig. 4 ) was calculated using Fxlns. (2) and (4). The total length of the straight portion of each yarn was given by: 
Geometric
Modeling of 2-D Braided Composites
The RUC for the 2-D braided architecture is shown in Fig. 7 . The sectional view in 
where, X c is measured from the corresponding COP along the braider yarn direction, was used to describe the yam centerline paths at the COPs with the appropriate sign and sine wave portion at each COP. The vertical shift, Vs, in Eqn. (9) was equal to the thickness, t, of the braider yarns. The cross-sectional shape of the braider yams (perpendicular to the braider yam direction) was similar to that shown in Fig. 4 and consisted of a central flat portion of thickness, t, and two sinusoidal lenticular end portions of width, Lu/2. The total width, Lu, was calculated using Eqns. (2) and (4). The total length of the straight portion of each yam path, Lst, (along the braider yam direction) was given by
(1), (2), (4), (9) and (10) were used tO determine the geometry of the 2-D braided composites.
The crimp angle, 0c, was determined by using Eqns. (6) and (9) and the limitation w > L_ was used to determine 0mi n.
Geometric Modeling of 2-D Triaxial Braided Composites
The RUC used for the 2x2, 2-D triaxial braid is shown in Fig. 8 where to was the thickness of the axial yarns. The unknown yarn thickness ratio, m, was determined recursively as described below.
The braider yarn width, Wb, (perpendicular to the yarn direction) was calculated by assuming complete coverage (i.e. no gap between adjacent yarns) and was given by
The yarn path for the axial yarns was assumed to be straight throughout the RUC. 
The unknown parameters, L u and m, were determined by a recursive solution of Eqns. (15) and (16) in which Ao and Ab were calculated using Eqn. (2). The total length of the straight portion of each braider yarn was given by
Thus, Eqns. (2), (11) - (17) were used to determine the geometry of the 2x2, 2-D, triaxial braided composites. The crimp angle, 0¢, was given by Eqns. (6) and (14) and the limitations wb >_L u (2 s/n) and w o > L u (1 -(2 s/n)) were used to determine the 0min.
Discretization of Yarns
Overall composite properties were determined by discretizing each of the yarns within the RUC. The straight portions of each yarn path were modeled as a single slice with length, Lst. Along an undulating portion, the yarn was divided into n, equal, piecewise straight slices made perpendicular to its in-plane direction and normal to the X-Y plane (Fig. 8) . Thus, the undulating, sinusoidal yarn path was approximated by n interconnected straight yarn slices.
The volume of each yarn slice was computed as (Ay Ly/n) where Ay and Ly are the yarn crosssectional area and the length of the undulating portion, respectively. Note that, Ly = L u for the woven architectures (Figs. 4-6 ) and Ly -lJ u for the braided architectures (Figs. 7, 8 ).
The spatial orientation of each yarn slice was described by the in-plane angle, 0, that it made with the X-axis (Fig. 8) ___(Vm TT (22) and the overall CTEs for the RUC were given by Table 2 for the 5-harness satin and 8-harness satin weave composites. To allow a direct comparison with the woven composites, the 0 and 90 degree plies were assigned the impregnated yarn (Vf = 75 %) material properties (Table 1) . Since the yarns (plies) had a 75 % fiber content, a resin layer, r, was added to the cross-ply laminate to achieve an overall composite Vf = 64 %. The volume fraction of the resin layer in the laminate was equal to that of the interstitial matrix in the woven composites. Woven composite prepreg is often manufactured in different yarn sizes, such as, 3 k, of yarn sizeon the overall thermal and mechanical properties. Figure 9 shows the effects of yarn size on the crimp angle and the stiffness properties for a plain weave composite. For the same yarn spacing, yarn packing density and overall composite volume fraction, the crimp angle increased significantly with increasing yarn size. The in-plane moduli, E_ and Eyy, decreased while, Ezz, increased with increasing yarn size. The shear moduli, the in-plane
Poisson's ratio, Vxy, (Fig. 9) and the in-plane CTE's, CZxxand ¢_yy, (see Fig. 10) were not very sensitive to yarn size effects. However, the through-thickness CTE, Ctzz, (Fig. 10) and Poisson's ratios, v,_ and Vyz, (Fig. 9) were very sensitive to yarn size.
Note that, since the overall composite Vf and interstitial matrix volume fraction was kept constant while the yarn size was varied, a CLT-based analysis would have predicted no change in the overall properties with varying yarn size. It is, therefore, necessary to explicitly model the yarn architecture and crimp to investigate the effects of fabric parameters on overall thermal and mechanical properties of textile composites.
2-D Braided Composites
A yarn spacing of 1.411 mm (perpendicular to the yarn axial direction) and an overall fiber volume fraction, Vr, of 64% were used for the 2-D braided composites analyzed. As in the plain weave composite, a 2 k yarn size, a 0.75 yarn packing density, and a 0.007 mm fiber diameter were used for calculating the results for the different 2-D braided composites. A parametric study was performed to study the effects of braid angle variations on composite
properties. Figures  11 and 12 show the effects of braid angle on the crimp angle, thermal, and mechanical properties of the 2-D braided composites. A good correlation was obtained with FEM results [13] for a 45 degree braid angle for the same braid parameters (Fig. 11) . Since the 45 degree braided composite is equivalent to a plain weave composite rotated by 45 degrees (see Figs. 4 and 7) , the computed results for a 45 degree braided composite were also verified by transforming the plain weave stiffnesses by 45 degrees.
The in-plane properties, Exx, Eyy, Gxy and vxy, varied significantly with braid angle (Fig. 11) . Through-thickness Poisson's ratios, Vxz and Vyz, and modulus, Ezz , were less sensitive to braid angle. Crimp angle (Fig. 12) varied between 6.7 and 13.2 degrees for braid angles between 15 and 75 degrees. The in-plane CTE's, _x, and Ctyy, varied significantly with braid angle. Through-thickness CTE, Ctzz, was less sensitive to braid angle.
2x2, 2-D Triaxlal Braided Composites
The three different triaxial braided composites tested in Ref. 19 were analyzed using the present TEXCAD analysis. The yarn architecture parameters such as braid angle, braider and axial yarn sizes, axial yarn spacing and overall composite volume fraction for the three architectures (A1, B1, B2) are given in Table 3 . These parameters along with a yarn packing density of 0.75 and a fiber diameter of 0.007 mm were used as input to TEXCAD for calculating the results in Table 4 . The specimens in Ref. 19 were made with AS4 graphite fiber yarns and Shell 1895 epoxy resin. It was assumed that the 1895 epoxy had the same material properties as the 3501-6 resin (Table 1) . Thus, the material properties for the impregnated yarns and the resin in Table 1 were used in the present analysis of 2-D triaxial braids.
Correlations of the computed elastic constants ( Fig. 13 ) for the B1 architecture [20] . Figure  14 shows that the crimp angle increased while the Otzz decreased significantly with increasing Vf. 
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where aij (i = 1-3, j = 1-3) are the direction cosines between the yarn slice material coordinate axes (123) and the global RUC axes (XYZ) (see Fig. 8 ). 40.000
The 1-axis is along the fiber direction, the 2-axis is perpendicular to the fibers but in the plane of the lamina and the 3-axis is in the out-of-plane direction. 1The r represents a resin layer used in the laminate to simulate the effect of the interstitial matrix in the woven composite. 
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